The spatial distribution of heat stress in a Central European city and its surroundings was examined. We evaluated the length of time for which the threshold values of Humidex and air temperatures were exceeded at individual stations. The longest interval of temperature discomfort was detected at the border of open mid-rise development and open spaces. The shortest intervals were found in compact mid-rise development and near a forest. There are spatial differences between locations with long periods of high temperatures and locations with long intervals of high Humidex values. However, when the heat stress is being assessed in relation to the mortality rate, Humidex does not show better results than the air temperature. Humidex. Pri vrednotenju toplotnega stresa z vidika mortalitete pa Humidex ni dal boljših rezultatov kot podatki o temperaturah zraka.
INTRODUCTION
The World Meteorological Organization (WMO) and the Intergovernmental Panel on Climate Change (IPCC) have repeatedly warned of the serious impact of climate change on human health (recently IPPC, 2014a). Patz et al. (2005) marked the temperate latitudes for areas with the assumption of high excess mortality resulting from thermal stress. Studies on the effects of extremely hot weather and the mitigation of its impact on human health in these areas therefore rightfully belong to the very topical and frequent research subjects.
Over the last decade dozens of papers were published which deal with heat stress. Gradually, a paradigm has come into existence in which the main environmental factors causing heat stress, besides the dry bulb temperature, also include the wet bulb temperature, radiant temperature, air humidity, and air movement (Epstein, Moran, 2006) . Apart from the individual parameters of each person (e. g. clothes, age, gender or health condition), it appears that the impact of extremely hot weather on human health also depends on the amplitude of the temperature, the time of the occurrence of a heatwave within the climate season, the overall state of public health, and the age structure and experience of the population with heatwaves (Curriero et al., 2002; Kovats, Hajat, 2008) .
Disproportionately less attention is paid to the study of the environment in which the individual happens to be at the time of the event. Clarke (1972) , Tan et al. (2010) and some others describe the relationship between the urban heat island and mortality in extremely hot weather; however, the new findings about the urban climate suggest that the differentiation of the temperature field of the city is higher than previously assumed (Houet, Pigeon, 2011; Bokwa, 2011; Stewart, Oke, Krayenhoff, 2014; Lelovics et al., 2014; Bokwa et al., 2015; Lehnert et al., 2015; Středová, Středa, Litschmann, 2015) . These new findings call for more detailed studies of the spatial differentiation of the heat stress in cities and their surroundings.
The primary objective of the study is to evaluate the spatial variability of heat stress in the medium-sized city through the example of Olomouc and its surroundings (Czech Republic) . Following this evaluation, we will compare the explanatory power of the heat stress values provided by standard temperature characteristics and by Humidex as one of the direct bioclimatic indices that is frequently applied in moderate climate in Europe (Lavalle et al., 2006; Dankers, Hiederer, 2008; Litschmann, Rožnovský, 2009; Tomáš, 2012; Błażejczyk, Twardosz, 2010; Bokwa, Limanówka, 2014) .
METHODS

Station network
From administrative point of view, the area of interest corresponds with Olomouc administrative districts of municipality with extended powers excluding Libavá military area. The height range of the area is between 200 and 600 meters above sea level. More than 90% of the total of 162,000 inhabitants live at an altitude of 300 meters above sea level. About 60% of the population live in the largest city Olomouc. The city of Olomouc has passed through several substantial stages of development. Consequently, there are historic buildings in the city center, parks, brownfields, housing estates, residential areas, industrial parks, shopping centers, and satellite settlements. The landscape around the towns has a mainly agricultural character. The climate in Olomouc has a typical Central European character (for more details see Vysoudil et al., 2012) .
The Metropolitan Station System Olomouc was established in 2009 to study the specific needs of the urban and local climate. In 2011, it had 24 stations, its maximum number, and, therefore, this year was selected for a detailed spatial analysis of temperature and humidity characteristics. The network design is approximately radial. Of the total number of 24 stations, 14 stations of two different types recorded simultaneously the air temperature and relative humidity at a height of 1.5 m and therefore were suitable for this particular study. The stations BOT_PdF, BYST, DOMI, HOLI, LETO, and KOPE were fully automated (Figure 2a ). The reading interval at these stations was 10 minutes. On the other hand, the stations BOT_PrF, CMSE, HODO, HOLI, CHVA, and KOJE measured only the temperature and humidity (Figure 2b ). The data were recorded in the internal memory sensor at 30-minute intervals. The temperature and humidity sensors of all the stations were located in the radiation shield and were not actively ventilated. Detailed information on the individual stations is provided in Table 1 . The surrounding of stations was described using the local climate zones (Lehnert et al., 2015) ; see Table 2 . 
Data processing
Considering the heat stress characteristics presented, we worked with the data for the summer half-year. The data series used underwent basic quality control and incorrect or missing data were corrected and/or calculated using standard methods in accordance with WMO (2008) . The averages were calculated as the arithmetical average of all the measurements at 30-minute intervals. The total number of hours during which the threshold values of 25.0°C, 30.0°C, and 35.0°C were exceeded was determined from the measurements at 30-minute intervals. If the temperature exceeded the given threshold temperature in a certain time period, the whole half-hour was counted (i.e., we assumed that a given limit was or was not exceeded during the entire interval of 15 minutes before and after the measurement).
Humidex was calculated according to a standard formula [1] as presented in the original paper by Masterton and Richardson (1979) :
where t a is (ambient) temperature (°C) and RH relative humidity (%).
Using data series of temperature and humidity measured at 30-minute intervals, Humidex data series was established for the same intervals at the same time resolution. The cumulative time values exceeding certain Humidex values were then calculated analogously as in the case of the temperatures. The threshold Humidex values of 30 (some discomfort), 40 (great discomfort), and 46 (dangerous) were chosen as standardly used. To obtain detailed results, in some of our calculations we also used the less frequently used level of 35 (evident discomfort). Besides Humidex, we also separately presented water vapor pressure according to formula [2] for a detailed spatial analysis of the causes of the spatial variability of heat stress.
We selected a station that on average best represents the selected area to determine representative Humidex temperature characteristics and values on regional level. The selection of such a representative station for Olomouc and its surroundings was performed by calculating the daily temperature differences at the individual stations from the average of all measurements throughout the summer half-year at 30-minute intervals, as well as for the days on which the Humidex value reached 30 (to exclude any distortion caused by a state that corresponded to lower temperatures or Humidex values).
The mortality data for the Olomouc and surroundings for individual days were provided by the Czech Statistical Office in Olomouc. These are the official statistics compiled on the basis of individual record sheets up to the level of municipalities. We always included all the dead people domiciled in the area of interest. The boundary 
RESULTS
Detailed spatial distribution of heat stress in 2011
Primarily, we focused on the description of the extent to which the threshold air temperature values at individual stations were exceeded. In 2011, as well as in all the other years in the reference period 2010-2014, the occurrence of daily maximum temperatures above 35.0°C was not very frequent. According to the detailed analysis of 2011, the air temperature value only exceeded 35.0°C at seven of the fourteen stations monitored (Table 3) . Therefore, any meaningful information is provided mainly by the data on the length of the time interval of temperatures above 30.0°C. In this case, the longest intervals were found at the stations KOJE, BOT_PrF, BOT_PdF, DOMI, and KRAK. Their common denominator is their location at the boundary of a medium, but not quite compact urban development (open mid-rise) and in relatively open and well sunlit surfaces with low vegetation, scattered trees and communication networks.
The ratio of the length of time intervals at the individual stations does not change much even when the length of the interval of temperatures above 25.0°C is analyzed. The exceptions are the KOJE and CHVA stations, which belonged among those stations with the highest values with regard to the periods exceeding temperatures above 35.0°C or 30.0°C, while for the total time in which the temperature exceeded 25.0°C it belonged among the rather average stations (Table 3) . Such behavior has its cause in the shape of the curve of the daily temperature at the onset of the daily maxima which, like the subsequent decline, is steep because of the high level of insolation near the stations and generally below-average mean temperatures of these stations.
The stations with the lowest total of intervals with temperatures exceeding 30.0°C and 25.0°C include HODO and -by a huge margin -DDHL and CMSE. All these stations were located in shady environments. In the case of CMSE and HODO, the shady environment is created by buildings. CMSE is located in an enclosed courtyard in the historic downtown area and HODO in older development consisting of multi-storey houses and former workshops. DDHL is located in an enclosed valley extending in a north-south direction with wooded slopes and minimal development (see Table 2 ). From Table 3 it is obvious that the spatial distribution of the length of the intervals during which the selected Humidex values were exceeded does not completely correspond to the distribution of the length of the intervals during which the selected temperatures were exceeded. These differences are caused by the spatial-temporal variability of water vapor pressure. The impact of the water vapor pressure and its spatial variability on the formation of heat stress is obvious from Figure 3 , where the differences between the average temperature and Humidex at individual stations are shown. As indicated in Figure 3 , the greatest impact of water vapor pressure on the formation of heat stress can be expected especially at the KRAK station and also at the stations KOJE, HODO, HORL, and BYS, while, on the contrary, the smallest impact is at the stations CMSE, HOLI, and KOPE.
It was found that in the case of intervals that exceed the Humidex threshold values the most affected station is KRAK (Table 3 ). Figure 4g shows that higher totals of the occurrence of discomfort temperatures at this station are caused by a combination of high midday and afternoon air temperatures and the high mean water vapor pressure. The high vapor pressure values at the KRAK station occur as a result of a microclimatic effect caused by the artificial irrigation of the nearby garden. The high growth in temperature at the HODO station has the same reason. The temperatures and vapor pressures do not reach such high values here because of the substantial shadowing of the station. A significant influence of the local climate can be seen in the high total of intervals of great discomfort (H40) at the BYST station, especially because the totals of some discomfort (H30) at this station are only average (see Table 3 ). It is obvious (Figure 4a ) that this condition is due to a significant amplitude in the daily course of the air temperature and water vapor pressure. Reason for this may be the low plants on the waterlogged black soil in the immediate vicinity of the station. Another station with high totals of intervals of great discomfort (H40) but relatively moderate totals of interval of some discomfort (H30) is the KOJE station, which again lies near a source of air moisture, in this case a river. At both the KOJE and BYST stations, the daily course in the middle of the day and in the afternoon hours shows large variations in the vapor pressure caused by turbulence, which indicates the pulling of humid air masses from nearby locations with high evaporation.
The lowest totals of interval with some discomfort (H30) were found at the CMSE station (LCZ 2). In 2011, great discomfort (H40) did not occur at all at the CMSE station. This was due to the microclimate of the enclosed courtyard, with small daily amplitudes of air temperature and water vapor pressure ( Figure 4b ).
As expected, low totals of interval with great discomfort (H40) and some discomfort (H30) were also found on the DDHL station. On the contrary, the low totals of intervals of discomfort at the HOLI station seem unusual, particularly because of the fact that the majority of stations with a similar location (BOT_PdF, BOT_PrF, and KOJE) and even the shady HODO station which has a very low impact of high temperatures on the formation of heat stress, showed relatively higher totals of intervals not only of great discomfort (H40), but also of some discomfort (H30). The reason is in the low water vapor pressure at this station. In comparison with other stations, the HOLI station has only a few potential sources of moisture. 
HOLI
Impact of heat stress on the population of the region through the example of mortality
From the analyses of the spatial variability of the lengths of the intervals during which the threshold values of the air temperature above 25.0°C, 30.0°C, and 35.0°C and Humidex values of H30, H35, H40, and H46 were exceeded, it is clear that the stress of the temperature-humidity conditions on the population during the summer has considerable intra-regional spatial heterogeneity because of the significant influence of the local climate and microclimate. Because of the dense network of stations, we were able to select a station that shows typical (average) temperature and Humidex values for the area of interest and, therefore, it can be considered representative on the regional level. Our analyses (Table 4) show that such a station is DOMI. The DOMI station is located in a courtyard of a park type with urban greenery and partially impermeable surfaces ( Figure  2a ). With regard to the spatial distribution of the population, such an environment can be considered as typical of Olomouc and its surroundings. The DOMI station shows a typical daily course of temperature and Humidex values for Olomouc and its surroundings and, therefore, it was possible to further analyze the relationship between the maximum daily temperatures and mortality and between the maximum daily Humidex values and mortality. Notwithstanding other related factors or accompanying circumstances of the influence of heatwaves on mortality, it is clear that it is possible to find a clear relationship between the maximum daily temperature and mortality and the maximum daily Humidex values and mortality (Figures 5 and 6) . Shifting days or the respective maximum daily temperature values/Humidex values back by one or more days because of the date of death unexpectedly did not improve the correlation coefficient.
Differences in trends of mortality with temperature and Humidex are negligible. In both cases the increase is statistically significant and non-linear (Figures 5 and 6 ). With maximum daily temperatures above 30°C, the increase in mortality is still modest. When Humidex values extend above H40 (great discomfort) the increase in mortality is more significant, but in comparison with the sharp increase corresponding to Humidex values of 46 and higher, it is still relatively low. A significant increase in mortality therefore occurred only on days when the daily maximum Humidex value reached the level of 46 (dangerous) or the daily maximum temperature reached 35.0°C. This is demonstrated in Figure 7 , where the sharp increase in mortality during heatwave from 17 th June to 23 rd June 2013 can be seen. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19. 20. 21. 22. 23. 24. 25. 26. 27. 28. 29 
DISCUSSION
The biggest total amounts of time for which the threshold temperatures of 35.0°C, 30.0°C, and 25.0°C were exceeded occurred in the areas on the border of mid-rise, not very compact urban development and relatively open and well-insolated areas with the characteristics of zones LCZ 5 and LCZ 9 (LCZ D). This corresponds with the results of more recent studies on the heat island of a city, which imply that the highest daily temperatures are reached exactly in such types of environments (Houet, Pigeon, 2011; Stewart, Oke, Krayenhoff, 2014) . High totals of time during which the temperature exceeded 35.0°C at the CHVA station (LCZ BD w ), which on average belongs to the colder stations, correspond with Stewart, Oke and Krayenhoff's (2014) founding that temperature in LCZ D may in some cases be even higher than the maximum temperature in LCZ 5 and LCZ 6. The smallest total amounts of time for which the threshold temperatures of 30.0 and 25.0°C were exceeded were found at the valley station DDHL (LCZ BA) near a forest and also at the station CMSE (LCT 2cc) in the city center. Such occurrence of cold fragments in the central parts of European cities when there is a positive energy balance has already been pointed out by Kłysik and Fortuniak (1999) through the example of Łódź (Poland).
Spatial differences between locations with high totals of intervals of temperatures above threshold values and locations with high totals of intervals of Humidex above threshold values were clearly demonstrable. Therefore, it turns out that not all the stations with the characteristics of LCZ 5 and 9 (D), typified by long intervals during which the threshold temperatures were exceeded, show long periods of time during which there was some discomfort (H30) or great discomfort (H40). It seems that a decrease in the relative humidity, together with increasing temperature, significantly reduces the resulting Humidex value unless there is a source of moisture in the neighborhood of the station (HOLI, CMSE, KOPE, and LETO). Analogously, and this is more serious, high maximum temperatures and high levels of water vapor pressure occur simultaneously at some locations (KRAK, KOJE).
It is clear that areas with low plants on moist soil may indicate a high maximum temperature, together with high water vapor pressure. This corresponds to the findings of Mayer and Höppe (1987) , who justified the relatively lower values of water vapor pressure in an area of high vegetation by the fact that the vegetation in the period of maximum temperatures shows relatively low values of transpiration (closure of pores) and so does not contribute significantly to the value of water vapor pressure. As shown by the results presented here, the source of excessive water vapor pressure in the middle of the day and in the afternoon hours needs to be searched for in a wetland surface or in open water areas. At least in the middle of the day and during the afternoon hours of warm summer days, it is not possible to talk generally about the gradient of water vapor pressure between the urban and suburban landscape, as described, e.g., by Kuttler et al. (2007) . Therefore, we can identify with the conclusions drawn by Fortuniak, Kłysik and Wibig (2006) that the gradients of water vapor pressure in the urban and suburban landscape are very difficult to define and the causes of their resulting spatial variability cannot be equated with the variability of the temperature field. Therefore, although there is criticism of Humidex (e.g., d'Ambrosio Alfano, Palella, Riccio, 2011), provided that air humidity affects thermal comfort, the Humidex assessment brings very valuable information about an important aspect of the spatial variability of heat stress in the urban and suburban landscape (i.e., at the local level).
Humidex values above H46 (dangerous) and temperatures above 35.0°C in Olomouc and its surroundings occurred relatively rarely, which corresponds to the results found for other Central European cities: Brno (Litschmann, Rožnovský, 2012; Dobrovolný et al., 2012) and Krakow (Bokwa, Limanówka, 2014) . However, if they did occur, they were associated with a significant increase in mortality. The observed pattern of increased mortality together with maximum temperatures corresponds well with the detailed studies of the mortality rate caused by the heat carried out in the Czech Republic by Kyselý and Huth (2004a; 2004b) and Kyselý (2004) . This finding is alarming if the predictions of greater frequency and extremity of high temperatures in Central Europe (IPPC, 2014b) are fulfilled.
Comparing the relative mortality and Humidex values with the relationship of the mortality rate and maximum temperature we found that, at the regional level, Humidex, in comparison with the maximum temperature, does not produce significantly more accurate information on the heat stress which warm weather causes to the population. This corresponds with the findings of Kyselý and Kříž (2003) .
CONCLUSIONS
The longest intervals during which the threshold temperatures of 35.0°C, 30.0°C, and 25.0°C were exceeded occurred in locations on the border of mid-rise and not very compact urban development and relatively open well-insolated open spaces. On the contrary, the shortest intervals were found in compact mid-rise in the center of the city with dense development and outside developments near a forest.
There are significant spatial differences between the locations with long intervals of high temperatures and locations with long intervals of high Humidex values. Water vapor pressure significantly modifies the field of heat stress in the city and its surroundings. The spatial-temporal variability of water vapor pressure should therefore be subject to more detailed research.
High Humidex values are observed at stations that have high maximum temperatures and are also exposed to an excessive supply of moisture as a result of evaporation resulting from artificial irrigation, naturally waterlogged soil, or water surfaces.
Assuming that the air humidity has an influence on the thermal comfort of a person, the temperature-humidity indices represent important aspect of the further refinement of the study of heat stress in urban and suburban landscapes on the local level.
When studying the effect of heat stress on the population at the regional level in a temperate climate, Humidex does not bring significantly better results than simple temperature indicators.
Humidex values above H46 (dangerous) and temperatures above 35.0°C occurred only infrequently in the conditions of Central European cities; they are associated with a significant increase in the mortality rate.
TOPLOTNI STRES V URBANEM IN SUBURBANEM OKOLJU TER NJEGOVA PROSTORSKA SPREMENLJIVOST NA PRIMERU SRE-DNJE VELIKEGA MESTA Povzetek
Zmerne geografske širine so območja, kjer lahko predpostavljamo povečano smrtnost zaradi toplotnega stresa. Dejavniki, ki ga povzročajo, so dobro poznani, v desetinah znanstvenih člankov so predstavljeni tudi številni pokazatelji, s katerimi ga lahko kvantificiramo. Mnogo manj pozornosti je posvečeno preučevanju prostorske spremenljivosti toplotnega stresa, obenem pa nove ugotovitve o mestni klimi kažejo, da so razlike v temperaturnem polju v mestu večje, kot smo mislili doslej. Takšne
